A simple thermal decomposition technique to convert asbestos-containing wastes (ACWs) into non-asbestos products has been developed by heating ACWs in a water vapor atmosphere. It was confirmed that cement slates containing 18 mass % chrysotile were converted into non-asbestos products by the thermal treatment in a water vapor atmosphere at 800°C for 2 h. In contrast, the thermal treatments in air required temperatures as high as 900°C to convert the cement slates into non-asbestos products. It should be noted that any chrysotile particles were not detected by the phase-contrast microscopic observation in the products after the thermal treatments in a water vapor atmosphere at temperatures beyond 800°C but three or less chrysotile particles remained after the thermal treatments in air at high temperatures beyond 900°C. In a water vapor atmosphere, ACWs were successfully converted into non-asbestos products at low temperatures below 800°C for 2 h by accelerated solid-state reactions between decomposed products of chrysotile and cement components to form calcium magnesium silicates. This technique may contribute to large-scale decomposition of ACWs with low energy consumption in comparison with the traditional melting method.
Introduction
Since the melting treatment is the only allowed method in Japan as an intermediate treatment to convert asbestos-containing wastes (ACWs) into non-asbestos products, a number of approaches for decomposition of asbestos and ACWs have been reported. Fujishige et al. 1)3) found that the addition of calcium carbonate and chloride to asbestos or ACWs produced a melt at low temperatures and consequently lowered the decomposition temperatures of asbestos. The addition of calcium chloride, however, may cause the restraint in the recycle of the decomposed products. In our previous paper, chrysotile (Mg 3 Si 2 O 5 (OH) 4 ) was decomposed at 150°C by the solidgas reaction with acidic gas (HF and HCl) which was generated from the decomposition of Freon. 4) Although ACWs were converted by this technique to non-asbestos products at low temperatures, it is difficult to recycle the decomposed products mainly consisting of fluorides.
Asbestos minerals are naturally occurring magnesium silicate hydroxides, so that they decompose to release water by heating at high temperatures. It is reported that chrysotile is decomposed into non-hazardous substances at temperatures from 500 to 800°C. 5),6) Hashimoto et al. 7) 12) have proposed a two step decomposition technique of ACWs including calcination at low temperatures below 1000°C and subsequent mechanical grinding. The pure chrysotile fiber was almost decomposed to the amorphous phase by heating at 600°C for 3 h in air and the fibrous structure was destroyed by subsequent grinding treatments. 7) In the case of chrysotile-containing cement boards, 8) ,9) the cement boards could be easily ground after heating at 600°C for 2 h, 8) but the thermal treatment at 800°C for 2 h was required to judge the treated products as non-asbestos based on Japanese Industrial Standard (JIS A 1481:2006), 9),13) using powder X-ray diffraction (XRD) and PCM analyses. This two step decomposition technique requires large-scale grinding equipments, and the thermal treatment in air has an anxious problem. It was reported that a few chrysotile fibers were detected by PCM in the product obtained by the thermal treatment of pure chrysotile at 1000°C for 3 h when the product was observed without grinding. 14) Generally, the decomposed products of asbestos minerals react with other substances by solid-state reactions during the thermal treatment of ACWs. 9),10),12),15) Recently, we have found that the solid-state reactions to form ¢-dicalcium silicate (¢-Ca 2 SiO 4 ) and barium titanate (BaTiO 3 ) were accelerated by water vapor. 16 ), 17) Therefore, it is expected that the thermal treatment of ACWs in a water vapor atmosphere can convert ACWs into non-asbestos products at lower temperatures by accelerated solid-state reactions. Thus, the aim of this research is to investigate the feasibility of the thermal decomposition of ACWs including chrysotile into non-asbestos products in a water vapor atmosphere.
Experimental
In this study, chrysotile-containing corrugated plates were used as ACWs. Chrysotile content was determined to be 18 mass % by using the quantitative XRD analysis at a public institution. For the sake of shorthand, the corrugated plates were denoted as ACW18. In addition to chrysotile, ACW18 mainly consisted of calcite (CaCO 3 ) and a small amount of quartz (SiO 2 ). The crystalline phases of hydration products of cement could not be identified because of their low crystallinity. The thermal decomposition of ACW18 (about 1 cm © 1 cm and 0.5 cm in thickness, 0.5 g each) was heated at various temperatures for 2 h in air and a water vapor atmosphere by using a tubular furnace equipped with a water evaporator. For a water vapor atmosphere, distilled water was introduced at a flow rate of 2 mL/min into the evaporator without a carrier gas to generate a 100% water vapor atmosphere in the furnace. The thermal decomposition in air was performed in stagnant condition in the same furnace by removing the evaporator.
After the thermal treatments of ACW18, the samples were ground for the successive analyses. Powder X-ray diffraction analyses (XRD; Rigaku Ultima IV, radiation Cu K¡, graphite monochromator, collecting step 0.02°, scanning speed 40°/min, 2ª = 1080°, 40 kV, 20 mA) were carried out to identify the crystalline phases before and after the thermal treatments. In addition, phase-contrast microscopic (PCM; Olympus BX51N-DPH) observation by using the immersion liquid with n D 25°C = 1.550 (Cargille) was carried out at 400-fold magnification to count the number of chrysotile particles based on JIS A 1481:2006.
13) PCM analysis with the immersion liquid with n D 25°C = 1.550 shows that chrysotile fibers turn red-purple or blue in color. All PCM analyses were conducted on three specimens for each sample. According to the JIS A 1481:2006, when chrysotile particles (aspect ratio ²3) are observed more than three particles in 3000 particles of three specimens for each sample, the sample is defined as asbestos product. In other words, in the case of three or less chrysotile particles, the sample can be defined as non-asbestos product.
3. Results and discussion 3.1 Thermal treatment of chrysotile-containing corrugated plate (ACW18) Figure 1 shows the XRD patterns of the products obtained by the thermal treatments of ACW18 at various temperatures for 2 h in air and a water vapor atmosphere. It was confirmed that XRD peaks of chrysotile in the samples were disappeared at 700°C in both atmospheres, though the peak intensity of chrysotile in the product treated at 650°C in a water vapor atmosphere was higher than that in air. Chrysotile decomposition can be expressed by following reactions:
The thermal decomposition of pure chrysotile involves dehydration and subsequent recrystallization leading to the formation of forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ).
18), 19) However, forsterite or enstatite were not found in the products of ACW18 treated at 700°C. The products obtained at 700°C in air consisted of a low crystalline phase with a broad XRD peak ranging from 30 to 35°. With the increase in heating temperatures, the formation of lime (CaO) and ¢-dicalcium silicate was clearly observed in air. On the other hand, in a water vapor atmosphere, the thermal decomposition of calcite was accelerated by water vapor, and ¢-dicalcium silicate and calcium magnesium silicates were formed at lower temperatures. Calcite was almost decomposed at 650°C and portlandite (Ca(OH) 2 ) and ¢-dicalcium silicate were formed. Wang and Thomson 20) described that adsorbed water vapor weakened CaCO 3 bond and the thermal decomposition of calcite was accelerated by water vapor. Accelerated decomposition of calcite by water vapor leads to the formation of ¢-dicalcium silicate at lower temperatures by the solid-state reaction with silica.
16) The formation of portlandite is due to the hydration of lime during the cooling process of the products in a water vapor atmosphere. In addition, cebollite and merwinite were formed at 800°C in a water vapor atmosphere. These magnesium containing compounds were formed in a water vapor atmosphere at temperatures 200°C lower than in air. Table 1 shows the numbers of chrysotile particles in ACW18 heated at 6001000°C for 2 h in air and a water vapor atmosphere. In general, a large number of chrysotile particles were observed by PCM in the samples in which chrysotile was detected by XRD. Figure 2 shows the typical PCM photographs of the thermally treated products. As shown in Fig. 1 , XRD peaks of chrysotile were disappeared by heating at 700°C in both atmospheres. However, four chrysotile particles were counted among 3000 particles in the products treated at 700°C. When ACW18 was heated at 800°C, five chrysotile particles were counted in the product obtained in air. In contrast, no chrysotile particle was detected in the product treated at 800°C in a water vapor atmosphere, as shown in Fig. 2a . Thus, the product treated at 800°C for 2 h in a water vapor atmosphere was determined to be a non-asbestos product. In air, the thermal treatment at 900°C was required to judge the product as non-asbestos for ACW18. However, one chrysotile particle was remained in the product even after the thermal treatment at 1000°C for 2 h, as shown in Fig. 2b . Hashimoto et al. 14) also found that a small amounts of chrysotile particles were observed by direct PCM observation without grinding and sieving of the products obtained by heating pure chrysotile in air at 1000°C for 3 h, and concluded that the insufficient heat transfer to the samples caused uncompleted decomposition of chrysotile.
PCM results of thermally treated products
According to the XRD results of the treated products (Fig. 1) , the formation of calcium magnesium silicates by the solid-state reactions between decomposed products of chrysotile and cement components was accelerated by water vapor. Thus, ACWs were converted into non-asbestos products at lower temperatures in a water vapor atmosphere. It is noteworthy to point out that the products of ACWs after the thermal decomposition in a water vapor atmosphere mainly consisted of silicates. Therefore, this product can be safely recycled for the production of industrial materials.
Conclusions
The thermal decomposition of ACWs including 18 mass % chrysotile was conducted in air and a water vapor atmosphere and the treated products were analyzed by XRD and PCM based on JIS A 1481:2006. In a water vapor atmosphere, solid-state reactions between decomposed products of chrysotile and cement components were accelerated to form calcium magnesium silicates and ACWs were completely converted into non-asbestos products by thermal treatments at low temperatures below 800°C for 2 h. Thermal decomposition technique of ACWs into nonasbestos products in a water vapor atmosphere may contribute to large-scale decomposition of ACWs with low energy consumption in comparison with the traditional melting method. In addition, the non-asbestos products obtained by this technique mainly consist of silicates and might be useful as raw materials to produce cements. 
